1. Introduction {#sec1}
===============

The genus *Didelphis* is widely distributed throughout the Americas ([@bib4]), from Canada to Argentina. Commonly known as white-ear opossum, *Didelphis albiventris* (Lund, 1840), is found in the Neotropical Region, inhabiting savannahs, gallery forests and damp forests ([@bib14]). In Mato Grosso do Sul it occurs in the Cerrado, Atlantic Forest, Pantanal and in the transition zone between the Chaco and Dry Amazonian Forest ([@bib7]; [@bib67]).

Considered ecologically generalist, this marsupial is frequently in contact with human populations due to their adaptability to anthropized areas and climate changes ([@bib47]; [@bib12]). Moreover, *D. albiventris* is commonly reported as reservoir for different species of parasites ([@bib71]; [@bib22]; [@bib70]; [@bib64]; [@bib26]).

The parasitism has different gradients of metabolic interdependence over time, and it is usually considered a negative interaction ([@bib3]; [@bib33]). Depending on intrinsic factors related to (i) the parasite (quantity of inoculum, different strains with different degrees of virulence and/or pathogenicity and co-infections), (ii) the host (nutritional status, age, sex, reproductive condition and breed), and (iii) environment (food scarcity, severe climatic conditions, fragmentation/decrease of the original habitat and global warming), parasitism can weaken organic conditions and change homeostasis of parasitized individuals ([@bib52]), resulting in a clinical manifestation.

The ancestors of marsupials are reported as the earliest hosts of *T. cruzi* ([@bib55]), and *D. albiventris* is known as one of the most important reservoir hosts for *T. cruzi* in the urban, peri-urban and natural environment ([@bib15]; [@bib66]; [@bib24], [@bib25]; [@bib49]; [@bib54]). However, the knowledge about the influence of *T. cruzi* on hematological parameters of free-living opossum remains scarce. Since studies showed harmful effects of *T. cruzi* infection on free-living mammals ([@bib1]; [@bib46]; [@bib9]; [@bib59]), the present study aimed to evaluate the influence of *T. cruzi* infection on hematological parameters of white-ear opossums (*D. albiventris*) from Campo Grande, Mato Grosso do Sul, Brazil.

2. Material and methods {#sec2}
=======================

2.1. Capture {#sec2.1}
------------

This study was carried out between May and December 2017, in six urban forest fragments located in the city of Campo Grande, Mato Grosso do Sul, Brazil. Individuals of *D. albiventris* were captured by Tomahawk and Sherman traps arranged in transects of 200 m with 20 traps each and spacing of 10 m between them. The traps were checked early in the morning, baited and reassembled during the same period. Traps were baited with banana, peanut butter, sardines and oats.

All field procedures were conducted in accordance with a license granted by the Instituto Chico Mendes de Conservação da Biodiversidade (license number 56912-2) and Imasul (license number 05/2017, process Nº61/405959/2016). The present study was approved by the Ethics Committee for Animal Use of Universidade Católica Dom Bosco, Campo Grande, MS (license number 001/2017).

2.2. Sample collection and biometric data {#sec2.2}
-----------------------------------------

For blood sample and biometric data collection, as well as to mark individuals with earrings, animas were anesthetized with a chemical association between Ketamine (20 mg/kg) and Xilazine (2 mg/kg) administered intramuscularly. The following data were recorded from each animal: capture point, sex, weight, tail and total length. The body condition was calculated by standardized residuals from an ordinary linear regression between body mass (g) and total length (mm) of individuals, while accounting for age and sex effects ([@bib59]).

Once the animal was sedated, a trichotomy was performed on the basal area of the tail, followed by asepsis with antibacterial soap, iodized alcohol and alcohol 70% (three times each one). Blood samples were obtained from the lateral caudal veins with the aid of hypodermic needles (13 × 0.3) and syringe (3 mL), conditioned in tubes with anticoagulant (EDTA) and kept under refrigeration until the laboratory analysis. The animals were released at the capture point after recovery of anesthesia.

2.3. Laboratory procedures {#sec2.3}
--------------------------

The health of opossum was inferred, mainly, by means of blood parameters. Packed cell volume (PCV), red blood cell counts (RBC), and white blood cell counts (WBC) were measured up to 8 h after blood collection in Neubauer chambers, as described by [@bib69]. Mean corpuscular volume (MCV) was calculated based on the RBC and PCV values. Leukocyte (eosinophils, lymphocytes, monocytes, and neutrophils) counts were performed using blood smears fixed with methanol and stained with Giemsa ([@bib50]).

Molecular detection of *T. cruzi* infection was performed by nested polymerase chain reaction (nPCR). Genomic DNA was extracted from 200 μL of blood with EDTA using the QIAamp Blood DNA Mini Kit (Qiagen) according to the manufacturer\'s instructions. Total DNA was diluted with 50 μL elution buffer and stored at −20 °C until molecular diagnosis. A variable region of the trypanosome 18S rRNA gene (600 bp), with external primers TRY927F and TRY927R, and internal primers SSU561F and SSU561R was used as a target, according to [@bib60]. Furthermore, positive samples in the 18S rRNA had the primers D71 and D72 used to amplify a conserved sequence of the large subunit of the ribosomal DNA gene (24Sα rDNA) in *T. cruzi*, according to [@bib63]. Each reaction included sterile distilled water instead of DNA as negative control, and positive control samples from *T. cruzi* strains. PCR products were visualized in 2% agarose gel after ethidium bromide staining under ultraviolet light.

2.4. Statistical analysis {#sec2.4}
-------------------------

Shapiro-Wilk test was performed to verify the normality of the hematological data. Subsequently, paired-t-test or paired-Wilcoxon test were used to compare differences in means between males and females. The simple linear regression was used to determine the relationship between the body condition and the parasitism by *T. cruzi* with the hematological data. We evaluated the health condition of *D. albiventris* in terms of: (a) PCV, RBC, and MCV as anemia indicators; (b) monocyte and neutrophil counts as indicators of infection responses; and (c) lymphocyte counts as indicators of immune investment. Additionally, we determined the direct and indirect influences of infection by *T. cruzi* in relation to anemia, infection responses, immune investment and body condition through path analysis following [@bib59]. The critical level of significance was p \< 0.05. All analyzes were performed in the R software (R Development Core Team, 2015).

3. Results {#sec3}
==========

We sampled 40 individuals of *D. albiventris*, 26 males and 14 females. The molecular diagnosis showed that 32.5% (13/40) of the opossums were infected by *T. cruzi*. The statistical analysis revealed that individuals parasitized by *T. cruzi* showed lymphocytosis (3.4 ± 1.5) and eosinophilia (0.09 ± 0.13) when compared with non-infected animals (2.3 ± 1.3 and 0.03 ± 0.05), respectively ([Table 1](#tbl1){ref-type="table"}). No significant difference was observed between the averages of hematological variables in relation to gender and body condition.Table 1Mean and standard deviation of hematological values for *Didelphis albiventris*, infected and non-infected by *Trypanosoma cruzi* (Tc), captured in fragments of Campo Grande, Mato Grosso do Sul, Brazil.Table 1*Didelphis albiventris*Non infected (n = 27)Tc positive (n = 13)RBC (x10^6^)2.7 ± 0.9^a^3.2 ± 0.9^a^PCV (%)34.7 ± 5.2^a^35.8 ± 3.9^a^MCV (fl)145 ± 59^a^113 ± 21^a^WBC (x10^3^)4.9 ± 1.9^a^5.7 ± 1.9^a^Neutrophils (x10^3^)2.4 ± 1.1^a^2.2 ± 1.0^a^Lymphocytes (x10^3^)2.3 ± 1.3^a^3.4 ± 1.4^b^Monocytes (x10^3^)0.08 ± 0.09^a^0.08 ± 0.06^a^Eosinophils (x10^3^)0.03 ± 0.05^a^0.09 ± 0.13^b^[^1]

Path analysis showed that *T. cruzi* (path coefficient = 0.31, p \< 0.05) resulted in increased numbers of lymphocytes (r = 0.94) and indirectly decreased the body condition (path coefficient = - 0.31, p \< 0.05) of opossums. Moreover *T. cruzi* infection resulted in a direct effect (path coefficient = −0.36, p \< 0.05) on the decrease of MCV (r = 0.90) when compared with non-infected opossums, however with no effects on body condition ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Path analysis showing direct and indirect influences of infection by *Trypanosoma cruzi* in relation to anemia, infection responses, immune investment and body condition of *Didelphis albiventris*.Fig. 1

4. Discussion {#sec4}
=============

The hematological parameters of free-living *Didelphis* spp. must be interpreted carefully since factors such as parasitism, age, season, feeding conditions and differences between species of *Didelphis* have been recorded ([@bib10]; [@bib8]; [@bib65]). Our results showed significant difference for the hematological values between infected and non-infected opossoms, concerning the averages of lymphocytes and eosinophils. Moreover, no significant difference was observed between genders, which is in agreement with [@bib10]. However, [@bib65] found significantly higher neutrophils values for females of *D. albiventris*.

The low RBC values recorded in our study were also documented in females of free-living *Didelphis aurita* ([@bib10]), and may be associated to different infections or adaptive syndromes. In fact, parasites that lyse red blood cells and the consequently decrease RBC values, such *Babesia* spp. and haemotropic bacteria, reported in *Didelphis* spp. ([@bib20]; [@bib39]; [@bib61]) may be the cause of reductions in erythrocyte values found in the present study. Moreover, hepatic lesions recorded in *Didelphis* sp. infected by *T. cruzi* ([@bib9]) may compromise the production of erythropoietin, a glycoprotein that regulates the proliferation and differentiation of hematopoietic progenitor cells in the bone marrow ([@bib41]).

Concerning adaptative disorders, the observed low RBC values in the opossums may be associated to a deficiency of some nutritional elements necessary to erythrocytes production such as vitamin B, folic acid and iron. Furthermore, the lower RBC with high MCV (\>100) values recorded in the sampled animals indicated a macrocytic anemia, often caused by vitamin B12 deficiency and/or folic acid scarcity, commonly found in animal protein and leafy greens vegetables, respectively ([@bib53]; [@bib21]; [@bib16]). In this sense, it is possible that the forest fragments of Campo Grande were not adequately supplementing the animals.

The lower MCV values recorded in *T*. *cruzi*-infected opossums, compared with non-infected animals, could be correlated to deficient hemoglobin synthesis due to hypoferremia ([@bib38]; [@bib30]; [@bib44]). In fact, the multiplication of intracellular amastigote forms of *T*. *cruzi* is strongly associated to the influx of iron into the cell ([@bib32]; [@bib34]). The lower MCV values was also reported in free-living coati (*Nasua nasua*) naturally infected by *T. cruzi* in the Pantanal biome by [@bib59].

Lymphocytosis, found in our study in infected animals, may be associated with a potent stimulation of cellular and humoral immune response, characteristic of chronic phase of *T. cruzi* infection in humans and dogs ([@bib5]; [@bib11]; [@bib13]; [@bib17]). However, [@bib23] reported that IgG antibodies are unable to prevent the chronic phase in *Didelphis marsupialis* experimentally infected. Moreover, it has been reported that lymphocytes act together with neutrophils and monocytes to repair the tissue damage caused by *T*. *cruzi* amastigote forms ([@bib36]). Besides that, [@bib18] observed that lymphocytosis was associated in dogs experimentally infected by *T. cruzi*.

The indirect effect (immune investment) of *T. cruzi* infection on the opossum\'s body condition observed in our study can be associated with a potent stimulation of humoral immune response, characteristic of trypanosome infections ([@bib11]; [@bib62]; [@bib17]; [@bib19]). Therefore, the strong production of immune complexes causes severe pathologies in the different tissues, widely reported in trypanosome infections ([@bib6]; [@bib51]). In fact, severe tissue changes in both natural and experimental *T. cruzi* infections in *D. virginiana* and *D. marsupialis* respectively have been observed ([@bib2]; [@bib9]). The negative influence of *T. cruzi* on body condition through immune investment was also observed in infected wild carnivore *Nasua nasua* in the Pantanal of Mato Grosso do Sul ([@bib59]).

The increase of eosinophils observed in *T. cruzi* infected opossums has been largely recorded in human patients with Chagas Disease ([@bib31]; [@bib43]; [@bib68]; [@bib27]), related to the occurrence of fibrosis in the extracellular matrix ([@bib42]; [@bib35]; [@bib48]). In fact, neutrophils and eosinophils have been implicated in killing epimastigotes and trypomastigotes of *T. cruzi* in an antibody dependent cellular cytotoxicity-type mediated mechanism ([@bib58]; [@bib28]; [@bib37]; [@bib45]; [@bib57]; [@bib29]). Moreover, eosinophils are also present in the bone marrow and peritoneal cavity of *T.* cruzi-infected mice ([@bib56]). Moreover, the eosinophilia observed in the *T. cruzi* infected opossums can be the result of co-parasitism by helminths, as already observed by [@bib40] in *Leontopithecus* spp naturally parasited.

5. Conclusion {#sec5}
=============

Overall, our results suggest that *T. cruzi* infection may pose a risk to health of opossums since lymphocytosis may cause a secondary damage on body condition of infected animals. Moreover, due to an ancient relationship between *T. cruzi* and *D. albiventris*, this marsupial species may be an important reservoir host in the maintenance of this multi-host protozoan in the urban area of Campo Grande city.
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[^1]: Different letters represent statistical difference (p \< 0.05).
